Introduction
Richter has proposed a single-pass-collider (SPC) for electrons and positrons of energy E 2 50 GeV colliding once per bunch with a repetition rate of 180 Hz having a luminosity equal to or greater than 1030 cm 2sec1 *1,2 To achieve this, beam intensities of 5 x 1010 particles/bunch focused to spot sizes of less than ±2 pm are necessary.
The purpose of the final focus system (FFS) is to demagnify the beam envelope in the Collider arc lattice to a size suitable for beam collisions at the interaction region. The final spot size is determined by the beam emittance, the beta function B* at the IR, the momentum spread in the beam, and the quality of the FFS optics. In particular, if the focusing system is not chromatically corrected, the momentum dispersion in the beam can lead to a substantial degradation in the quality of the final focus. The objective is to design a FFS for 50 GeV/c within '100 meters having an IR spot size ax of approximately 2 pm for a beam emittance of E = 3 x1O-10 m-rad and a momentum spread of 6 = ±0.5%.
This requires a Sx,y equal to or less than 1 cm. In this report we consider the problems encountered in the design of a final focus system that will reliably provide the desired beam size for collisions.
The design of single-pass systems usually follows from second order, linear differential equations using the equivalent dipole and quadrupole fields of the actual magnets to be used. This is adequate for "good" magnets (i.e., those with acceptably pure central fields) and for small enough beam sizes (ax,ay << g) where g is the magnet gap opening and a is the average, transverse, rms beam size through the magnet. While a system can generally be built that validates such a model it is clearly not optimal. Furthermore, it is difficult to determine just how small the input emittance must be, how good the magnets should be or the related question of misalignment sensitivity. Even for the rather small invariant emittance proposed for the SPC (oaxcx,y = 3 x 1o-5 m-rad), the strong focusing requirements indicate the possibility of higher order aberrations both before the interaction and afterwards when the emittance has been blown up by the beam-beam interaction and the beam is being transported to a dump or external area. As a result, it is desirable to develop a mathematical model for systems of dipoles, quadrupoles, sextupoles and higher multipoles that is valid to all orders and includes such effects as radiative energy loss. This then allows us to accurately predict the absolute focal position in space, the transverse and longitudinal beam profiles as well as energy spreading and damping effects.
Optics of the Final Focus System (FFS)
The objective of the FFS is to provide an IR spot size of Cy = v6x,yE < 2 um for a beam emittance of e = 3 x lO1-m-rad, an energy of EB > 50 GeV and a maximum energy spread about the central orbit of 6max ±0.5%. An FFS that satisfies these requirements is shown in Fig. 1 and consists.of four telescopic halfwave optical modules. The total length of the system is 114 m and consists of quads, bends and sextupole elements. Only quadrupoles would be necessary for sufficiently small energy spread. The first two telescopic modules match the beta function of the arc lattice to the desired IR The last two modules are used to correct the chromatic distortions at the IR. 2568 Ray tracing the quadrupole array shown in Fig. 1 with the sextupoles turned off and using idealized, sharp-cutoff, pure quadrupole fields gave a monochromatic spot size of 0x,y = /vpm as predicted by linear theory. This increased to ax,y = 2.0 pm when realistic quads having the same effective field integrals but with fringe fields satisfying Maxwell's equations were used.
Including an energy spread of 6max = ±0.5%, as described in an appendix, increased these spreads to ox = 5.7 pm and ay = 47 pm. Thus, higher order geometric aberrations are acceptable but chromatic aberrations drasticcally increase the spot size and need to be corrected.
The chromatic broadening can be significantly reduced by placing sextupoles where the beam is momentum dispersed. Thus, a system of bends, quads and sextupoles is required with the bends providing the necessary dispersion and the sextupoles correcting the dominant second order chromatic aberrations in both transverse planes. It can be shown that the symmetry of the arrangement in Fig. 1 provides an optical system in which all second-order geometric and chromatic aberrations remain small. However, introduction of the dipole elements increases the energy spread and emittance via synchrotron radiation and the sextupoles introduce higher-order geometric and chromatic aberrations all of which must be minimized to achieve the smallest possible spot size at the IR. The most significant of these effects at 50 GeV was the higher-order optical aberrations. Figure 2 shows the fully corrected spot size at the IR for the configuration of Fig. 1 
Ray-Tracing Discussion
The above results were obtained from exact solution of the nonlinear differential equations of motion for the system of Fig. 1 Fig. 3 ) and its rms spread, we projected individual rays onto a generalized transfer function which is a power series expansion of the output variables (xo,x,, etc.) in terms of the input variables (xi,xj, etc.). The complete transfer function through fourthorder was determined in two independent ways. We found the fourth-order chromatic term (xly'262) = 3.09 cm/mr2/%2
dominates <x> whereas the variation of ox with incident momentum spread comes from the terms:
(xly'26) = -6.8 (cm/mr2/%) (xlyy'6) = 1.6 (cm/cm/mr/%) (xlxx'6) = 1.3 (cm/cm/mr/%) (xly'262) = 3.1 (cm/mr2/%2)
The same kind of analysis as for 6max (Fig. 3) can be done for the rest of the input phase space (ox,uxv, etc.) to show other sensitivities. This is not done except to show one of many plots of the correlation between input and output variables, e.g., x0 and y! in The ray set which is traced is selected at i by assuming independent normal distributions (v) transverse coordinates (x,x',y,y') and a square bution in the energy coordinate (6) of each parti S is a polynomial in z normalized to the total gap or bore opening (g) for each multipole. The fifth order polynomial
is sufficient for most cases4 as shown by the fits to measured data in Fig. 5 for the magnets of the PEP or y' storage ring.5 None of these magnets were terminated by field clamps so they provide a consistent field description for the SPC. The coefficients are given in Table I . 
